Abstract: This study employs the recently developed Lagrange multiplier-based causality-in-variance test by Hafner and Herwartz (2006) , to determine the volatility spillovers between interest rates and stock returns for the US, the euro area, the UK, and Japan. The investigation pays careful attention to volatility transmissions between stock returns and interest rates before and after these economies reached the Zero Lower Bound (ZLB), which is permitted via the use of Shadow Short Rates (SSR), used as a proxy for monetary policy decisions. The results based on daily data imply that while bidirectional causality is observed, the volatility spillover from interest rates to stock markets are more prominent for the full-sample, as well as the sub-samples covering the pre-and during-ZLB periods.
Introduction
In the aftermath of the "Great Recession", many central banks in developed markets reduced short-term nominal interest rates to near-zero levels indefinitely. For example, in 2008 the Federal Reserve targeted its policy rate between zero and 25 basis points until late 2015, consequently, setting the U.S nominal short rate at its Zero Lower Bound (ZLB). Ultimately, the ZLB diminishes the ability of a central bank to respond to adverse shocks or foster growth in the economy by reducing the nominal short rate (Bilal, 2017) .
Consequently, many central banks have employed unconventional policy tools such as large-scale asset purchases (commonly known as quantitative easing) and forward guidance to try to affect long-term interest rates and influence the economy (Jakl, 2016; Meinusch and Tillmann, 2016 ; Angelovska-Bezhoska, 2018). A question that naturally follows is: how do asset prices behave when traditional monetary policy tools are no longer effective in realizing their goals? This paper aims to uncover a possible answer by examining the nature of volatility transmissions between stock returns and interest rates before and after an economy reaches a ZLB, by considering four developed economies of the US, the euro area, the UK, and Japan. In the process, we are more interested in analysing the relationship between the uncertainties associated with monetary policy and the stock market.
The intricacies of volatility spillovers between interest rates and stock returns have largely been unexplored because researchers have favoured studying the impact of government policy uncertainty on various macroeconomic variables including stock returns (Chuliá et al., 2017) , or primarily studying the impact of monetary policy on stock returns, rather than its volatility (Nasir, et al., 2016) . However, Pástor and Veronesi (2012) develop a simple asset pricing model which reveals that policy uncertainty may trigger a rise in the volatility of the stochastic discount factor. As a result, risk premia go up and stock returns become more volatile and more highly correlated across firms. In addition, their model also predicts that policy uncertainty disturbs investors' beliefs which in turn seep into the stock market in the form of increased volatility.
At the same time, stock market uncertainty may also impact interest rate volatility, resulting in a compromise of the effectiveness of monetary policy. Xu (2007) found that interest rate volatility and stock market uncertainty in the U.S. are positively correlated on account of substantial shifts in people's asset holdings when they are uncertain about the Fed's decisions on interest rate changes. The 'toddler's tantrum' behaviour of investors may also explain this positive link as recently suggested by Valera et al., (2017) , who also found that stock market uncertainty increases interest rate volatility in a panel of ten Asian countries. The argument is that in the wake of the Zero Lower Bound (ZLB), low interest rate policies may be destabilizing by shifting the behaviour of investors towards riskier strategies (Rajan, 2006) . If investor behaviour follows a 'toddler's tantrum', then they would expect that the central bank will provide additional monetary stimulus during increased financial market turmoil, thereby leading to an increased interest rate uncertainty. In other words, policy uncertainty can lead to equity market volatility and vice versa, with this relationship being positively related to each other. Therefore, assessing the monetary policy response based on interest rate volatility when stock market uncertainty is high, and also whether higher monetary policy uncertainty can lead to more volatile equity markets, is an issue of paramount importance.
Against this backdrop, the specific objective of this paper is to analyse the causality-in-variance between the equity markets and interest rates in the economies of the US, the euro area, the UK and Japan at daily frequency, by explicitly accounting for the effect of the financial crisis on reduced interest rates. To accommodate for the fact that these four economies hit the ZLB in the wake of the recent financial crisis, we use Shadow Short Rates (SSR), as proxy for monetary policy. SSR is the nominal interest rate that would prevail in the absence of its effective lower bound, with it being derived by modelling the term structure of the yield curve, and hence tends to vary (by turning negative) even when the actual policy rates are virtually fixed due to the ZLB. To the best of our knowledge, this is the first paper to analyse volatility spillovers between monetary policy and equity markets in four developed economies by explicitly accounting for the ZLB situation. The rest of the paper is organized as follows: the econometric methodology is outlined in section 2, followed by the discussion of data and results in Section 3, with Section 4 concluding the paper.
Methodology
This study employs the Lagrange multiplier-based causality-in-variance test, which was recently developed by Hafner and Herwartz (2006) , to determine the volatility spillovers between interest rates and stock markets. Earlier, causalityin-variance tests, based on the cross-correlation functions (CCF) of the standardized residuals obtained from the estimates of the univariate general autoregressive conditional heteroscedasticity (GARCH), were developed by Cheung and Ng (1996) and Hong (2001) . However, the corresponding CCF-based Portmanteau test is likely to suffer from significant oversizing in small samples when the volatility processes are leptokurtic (Hafner and Herwartz, 2006: 140) . In addition, the results from the CCF-based testing approach are sensitive to the orders of leads and lags, which in turn question the robustness of the findings.
The volatility spillover test of Hafner and Herwartz (2006) , based on the Lagrange multiplier (LM) principle, overcomes the above-mentioned shortfalls and is very practical for empirical analysis. Furthermore, the Monte Carlo experiment carried out in Hafner and Herwartz indicates that the gain from carrying the LMbased test increases with the sample size. In what follows, we briefly explain the details of the Hafner and Herwartz causality-in-variance test.
In the Hafner and Herwartz (2006) approach, testing for the in-variance causality is based on estimating univariate GARCH models. To test the null hypothesis of the non-causality in variance between returns (which in our case is stock returns and interest rates) i and j, the following model is put forth as: (1) where and are respectively the standardized residuals and the conditional variance (volatility) for return i; and are respectively the squared disturbance term and the conditional variance for return j. In this specification, the null hypothesis of the non-causality in variance specified by is tested against the alternative hypothesis of causality in variance denoted by .
The score of the Gaussian log-likelihood function of is given by where are the derivatives of the likelihood function with respect to the parameters in the GARCH model. Hafner and Herwartz propose the following LM test in order to determine the volatility transmission between the series:
where The asymptotic distribution of the test statistic in Equation (3) depends on the number of misspecification indicators in zjt. Since there are two misspecification indicators in , the test has an asymptotic chi-square distribution with two degrees of freedom.
Data and Results
Our data set includes daily observations for the interest rate and stock prices for the US (S&P500), the euro area (Euro Stoxx 50), the UK (FTSE 100), and Japan (Nikkei 225). Based on data availability, the samples covered are 25 November 1985 to 31 March 2017 (7832 observations), 2 January 1995 to 31 March 2017 (5805 observations), 4 January 1995 to 31 March 2017 (5479 observations), and 2 January 1995 to 31 March 2017 (5671 observations) for the US, the UK, Japan, and the euro area, respectively. All the stock indices were obtained from Yahoo Finance and converted to log returns by taking the first-differences of the natural logarithms of the data. The summary statistics of the data have been presented in Table A1 in the Appendix of the paper.
With policy rates in the Zero Lower Bound (ZLB) range for a prolonged period of time post the financial crisis included in our analysis, practitioners have been put into a very awkward position of not being able to observe the actual stance of monetary policy. This has posed a great challenge to empirical researchers dealing with monetary policy to find alternative quantitative measures that are able to describe monetary policy at the ZLB. One such measure is the Shadow Short Rate (SSR). The SSR is the nominal interest rate that would prevail in the absence of its effective lower bound, with it derived by modelling the term structure of the yield curve (Wu and Xia, 2016). 1 The main advantage of the SSR is that it is not constrained by the ZLB and thus allows us to combine the data from the ZLB period with the data from the non-ZLB era, along with the fact that this data is available at the daily frequency to match the stock prices. With the SSR not constrained by the ZLB, we can compare the volatility spillovers for not only the entire sample, but also pre-and during-ZLB periods for each of the four economies. The SSR used in this paper is developed by Krippner (2013) , based on models of term-structure, at a daily frequency for the four economies of our concern, and is available for download from the web- 1 The SSR is, however, not the only means to summarise the monetary policy stance at the ZLB.
Existing alternative approaches have certain disadvantages. For example, one approach disregards short rates and only considers interest rates of longer maturities that have remained sufficiently above zero. However, interest rates of longer maturities do not offer a clear interpretation as they may carry other information aside from the stance of monetary policy itself, like changes in the natural rate of interest, inflation expectations, and risk and liquidity premia" as explained by Damjanović and Masten (2016) . Other literature also employs the use of the quantity of money to describe monetary policy stance at the ZLB (Damjanović and Masten, 2016) . The fault in this approach is the ambiguous relation of the quantity of money to macroeconomic variables.
site of the Reserve Bank of New Zealand. 2 The yield curve-based framework developed by Krippner essentially removes the effect that the option to invest in physical currency (at an interest rate of zero) has on yield curves, resulting in a hypothetical "shadow yield curve" that would exist if physical currency were not available. The process allows one to answer the question: "what policy rate would generate the observed yield curve if the policy rate could be taken negative?" The "shadow policy rate" generated in this manner, therefore, provides a measure of the monetary policy stance after the actual policy rate reaches zero.
The results for the volatility spillover tests are reported in Table 1. The Table  not only reports the full-sample results, but also for the pre-and during-ZLB periods, 3 with the latter coinciding with the point in time from where the SSR first turned negative in the aftermath of the recent financial crisis. The dates of the sub-samples have been noted in Table 1 . As can be seen for the US, volatility spillovers are observed both ways for the full-sample and the pre-ZLB period. For the during-ZLB era, stock market volatility is found to cause interest rate volatility, but the effect other way round is weak, with significance only observed at the 10 percent level. When we look at the euro area, the results are similar to that of the US, especially for the full-sample and the pre-ZLB period. For the ZLB-period, causality is weak in general, with no evidence of spillover observed from stock market to the interest rate, and interest rate volatility spills over to the equity market only at the 10 percent level of significance. For the UK, when we consider the full-sample, interest rate volatility causes stock market volatility, but not the other way round, with this observation also holding for the ZLB era. For the non-ZLB period however, causality is observed both ways. Finally for Japan, bi-directional causality is observed for the full-sample, but interest rate volatility is found to predict stock market volatility when we look at the sub-samples. In general, while there is heterogeneity in terms of the results across the four economies, the evidence of volatility spillovers from the interest rates to stock market is stronger than the other way round. This result is understandable, since it is expected that monetary policy decisions are likely to take time to be implemented in response to stock market volatility, while any uncertainty in monetary policy decisions is likely to feed in quickly into the stock market. Finally, we note that whenever causality exists during the ZLB, the strength in general is weaker relative to the pre-ZLB period. Note: The LM STAT tests the null hypothesis that IRV (SMV) does not Granger cause SMV (IRV); SMV (IRV) stands for stock market volatility (interest rate volatility), and ZLB refers to the Zero Lower Bound, with the starting point of the "During-ZLB" period corresponding to the point in time when the Shadow Short Rate (SSR) turned negative.
Conclusion
This paper attempts to add more flesh to an already thin body of literature on volatility spillovers between equity markets and interest rates, by making use of the novel Lagrange multiplier-based causality-in-variance test developed by Hafner and Herwartz (2006) . For our purpose, we look at the four economies of the US, the euro area, the UK, and Japan. The paper considers volatility transmissions between stock returns and interest rates before and after these economies reached the Zero Lower Bound (ZLB) which, in turn, is allowed via the Shadow Short Rates (SSR) used as a proxy for monetary policy decisions. Understandably, this distinction also allows us to consider the pre-and post-financial crisis period. The results based on daily data, imply that while bi-directional causality is observed, the volatility spillover from interest rates to stock markets are more prominent for the full-sample, as well as the sub-samples covering the pre-and during-ZLB periods. 
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